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Treatment of benzoin with cyclopentadiene in NaOH/MEOH and
pyrrolidine/ MEOH gave benzil via an Oppenauer oxidation, rather than the
desired 6-phenyl-6-phenylmethanolfulvene. Treatment of (+)-(lS)-10-
camphorsulfonamide and (-)-camphorsulfoniniine with cyclopentadiene in
NaOH/MEOH and pyrrolidine/ MEOH led to an equilibrium mixture of 10-
camphorsulfonamide and (-)-camphorsulfoniniine, rather than the desired
Camphorsulfonamidefulvene. Treatment of (+)-(!R)-camphor with
cyclopentadiene and pyrrolidine/MEOH resulted in a high yield recovery of the
starting material and none of the desired camphorfulvene.
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There is great potential for using chiral organometallic complexes in
carrying out enantioselective organic transformations. A major problem that has
hindered chiral catalyst from playing a major role in enantioselective synthesis is
the lack of available enantiomerically pure organometallic complexes.^
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Currently, only a small number of chiral cyclopentadienyl ligands are known.
However, considerable effort has been put forth in recent years to prepare
enantiomerically pure cyclopentadienyl ligands.^ A significant amount of this
work has been focused on developing routes to prepare chiral cyclopentadienyl
ligands from inexpensive, naturally-occurring, enantiomerically pure starting
materials.^
The most common structural feature that gives rise to chirality in organic
compounds is that the molecule contains one or more sp -hybridized carbons
with four different groups attached to it. Such a molecule is chiral and may exist
as a pair of enantiomers. With the exception of chirality, the structure and all of
the physical properties, except the ability to rotate the plane of polarized light, of
a pair of enantiomers are the same. However, their biochemical/biological
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activity can be quite different. For example, (S)-(+)-Ketoprofen is an
analgesic/anti-inflammatory, where as the (R)-(-)-isomer shows activity against
bone loss in periodontal disease. One of the most dramatic examples of the
importance of chirality control was the use of the drug thalidomide, which was
manufactured and sold as a racemic mixture. One optical isomer produced the
desired therapeutic effect by behaving as a tranquilizer, while the other
enantiomer led to fetal deformities.'*
The movement toward enantiomerically pure drugs has grown
tremendously in the worldwide drug industry. Previously, many chiral drugs
were used with the assumption that only the therapeutic enantiomer was active.
As previously illustrated, the fact that in some cases the other enantiomer
produced harmful side effects prompted scientists to turn toward a way of
isolating and using only the active enantiomer. Furthermore, this situation has
evolved as a result of a number of trends. In one such trend, medicinal chemists
have turned to enantiomeric drugs to more specifically modulate asymmetric
enzymes and receptors. Another trend favoring enantiomeric drugs is the
progress made in producing them economically in large quantities.
Traditional fractional crystallization of diasteriomeiic derivatives have
been coupled with racemization of the undesired isomer for a return to the
recrystallization step, raising the potential yields from 50% to 100%. Before
this coupling, half of the compound would have been discarded. Asymmetric
organic synthesis using stoichiometric amount of reagents have been
complemented increasingly by catalytic methods, resulting in both an increase in
the repertoire of asymmetric organic synthetic processes and a reduction of
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required amounts of catalysts compared to the quantities of stoichometric
reagents.^
Properties and Reactivities ofFulvenes
Bamberger proposed that various carbocyclic nonbenzenoid compounds,
for example five membered heterocycles, might possess aromatic character.^
These compounds contain six 7C-electrons in a ring. This stimulated the
preparation of many types of carbocyclic and heterocyclic conjugated
nonbenzenoid systems. This led to the investigation of chemical and physical
properties of carbocyclic nonbenzenoid compounds to obtain further information
on the correlation between structure and aromatic character.^ The
cyclopentadienyl anion, although discovered at the turn of the century, has
acquired special significance as the parent structure of a multitude of “quasi¬
aromatic” systems. Sixty years ago, Robinson^, Ingold^, and Huckel*”, examined
the close relationship that cyclopentadienyl anion has with benzene caused by the
common 7C-electron sextet. Fulvenes occupy a position intermediate between
their benzenoid isomers and the olefins. The chemical and physical behavior of
fulvenes is determined either by the cross-conjugated system or by cyclic
conjugation in the five membered ring, depending on the type of substituent at
the exocyclic carbon atom. The nature of the bonding in fulvenes can be
described qualitatively as a mesomeric superposition of the neutral structure A






The contribution of the charged separated structure B to the overall
resonance of the two structures in the ground state amounts to only 5-10%, as
may be assessed easily from the dipole moments/* This contribution of the
charged separated structure is larger in the excited state and is responsible for a
decrease in the energy difference between the excited and ground state; thus, it
accounts for the fact that fiilvenes absorb at longer wavelengths than benzenoid
compounds.
Fulvenes exhibit several types of chemical reactivity. For example, they
readily undergo Diels-Alder reactions, serving both as dienes and dienophiles,
can add halogens, and can form peroxides.** They also have a tendency toward
1,4-addition which is due to the pronounced olefmic character of fulvenes
alkylated or arylated at C6. This is in agreement with calculations of their
electron density distribution. Fulvenes also undergo nucleophihc addition at
C6 consistent with the participation of the charged separated structure B. An
example of this is indicated below by the addition of an organolithium
compound, as was first discovered by Ziegler and coworkers.^^
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The nucleophilic reagent adds to the fulvene at the exocyclic carbon atom
to form an lithium alkylcyclopentadienyl anion. The driving force for this
reaction is the gaining of resonance energy originating by the transition from the
cross-conjugated state to the aromatic cyclopentadienide.
Syntheses of Fulvenes
Several routes for the synthesis of fulvenes have been reported. The most
widely used method involves the base-catalyzed condensation of cyclopentadiene







Until the early 1980’s, reported yields for base catalyzed reactions
averaged 50% using alkoxides and alcoholic solutions of sodium or potassium
hydroxide.^"^’^^ However, Freiesleben reported that using primary and secondary
amines in place of sodium or potassium hydroxide led to yields of greater than
95% in some specific cases.*^ In 1983, Stone and Little reported a versatile and
convenient pyrrolidine catalyzed synthesis of 6-substituted and 6,6-disubstituted
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fulvenes by the condensation of aldehydes and ketones, respectively, with






Meerwein and coworkers were the first to succeed in preparing 6-





Neuenschwander was also successful in preparing 6-(p-X-phenyl)fulvene (X = H,





All reaction and subsequent manipulations were carried out using standard
double manifold schlenk techniques under a purified nitrogen atmosphere. THF
and Ether were dried by refluxing over Na/benzophenone. Benzaldehyde
(Aldrich), potassium cyanide (Aldrich), phenyllithium (Aldrich), iron chloride
(Aldrich), sodium borohydride (Aldrich), camphorsulfonyl chloride (Aldrich),
ammonium hydroxide (Aldrich), anhydrous magnesium sulfate (Fischer),
amberlyst (Aldrich), potassium carbonate (Aldrich), oxone (Aldrich), sodium
sulfite (Aldrich), isopropanol (Fisher), sodium(bistrimethylsilyl)amide (Aldrich),
deoxybenzoin (Aldrich), trifluoroacetic anhydride (Aldrich), ammonium iodide
(Aldrich), sodium thiosulfate (Aldrich), sodium bicarbonate (Fischer) and n-
pentane (Fischer) were used as received. Dicyclopentadiene (Aldrich) was
thermally cracked to cyclopentadiene, which was distilled through a 17.5 cm
vigreux colunm before use. (R,S)-Benzoin, (+)-(lS)-10-camphorsulfonamide,
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(-)-camphorsulfoniniine, were prepared by literature methods. Melting points
were determined using a Laboratory Devices Mel-Temp apparatus and were
uncorrected. Proton and carbon magnetic resonance spectra were recorded on a
Bruker WM250 in CDCI3 and chemical shifts were reported in ppm (6)
downfield from the internal standard tetramethylsilane. Infrared spectra were
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recorded on a Nicolet Impact 400. Mass Spectra were recorded on a HP 5995
GC/Mass Spectrometer.
Attempted Preparation of (R,S)-6-phenyI-6-phenylmethanolfulvene
Methanol (50 mL), sodium hydroxide (4.949 g, 124 nunol), cyclopentadiene
(0.594 g, 9.00 mmol) and benzoin (2.04 g, 9.00 mmol) were combined in a 250
mL round-bottom flask under nitrogen. The reaction mixture refluxed for two
hours, during which time the solution turned a dark reddish-brown and a thick
sticky precipitate formed. The solvent was decanted, and die precipitate
dissolved in ether. The ether was dried over anhydrous MgS04, and the solvent
removed on a rotary evaporator give 1.763 g, 86 % yield of benzil as a light
yellow-brown solid.'
Attempted Preparation of (R,S)-6-phenyl-6-phenylmethanolfulvene
Benzoin (3.3 g, 15 mmol) and cyclopentadiene (3.08 mL, 37.5 mmol)
were dissolved in 15 mL of methanol. Pyrrolidine (1.88 mL, 22.5 mmol) was
added in one portion. The solution immediately turned yellow, and then red after
refluxing for 5 h. After the resulting red solution was refluxed for a total of 48 h
under nitrogen the reaction mixture was cooled to room temperature and acetic
acid (1.35 mL, 24.0 mmol) was added. The reaction mixture was diluted with 75
mL each of ether and water. The aqueous portion was washed with ether (2 X 75
mL) and the combined organic layers were washed with water and brine (38 mL
each), dried over magnesium sulfate, filtered and concentrated in vacuo to give a
red solid. The residue was taken up in 20 mL of ether and 10 g of silica-gel
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added. The solvent was removed on a rotary evaporator, and the coated silica-gel
placed on a 46 X 2.5 cm column of dry silica-gel. The column was eluted with
hexane remove cyclopentadiene and dicyclopentadiene. Elution with 1:1
ether/hexane gave a yellow band which upon removal of the solvent gave 0.246 g
of benzil (7.5 % yield, 12 % based upon unrecovered starting material). Elution
with 70:30 ether/hexane gave a bright red band which upon removal of the
solvent under vacuum gave 0.0294 g of a bright red oil. TLC of this oil indicated
two compounds. This oil was rechromatographed on silica-gel to give two
fractions, one colorless and one red. After the removal of solvent the red fraction
gave 0.0203 g of undetermined product and the colorless band gave 0.0180 g of
undetermined product. The *H and NMR, IR, MS, and UV-VIS of this
compound are given in appendix 1. Elution with ether gave another light yellow
band which upon removal of the solvent gave 1.306 g (39 % recovery) of
unreacted benzoin.
Attempted Preparation of Camphorsulfonamidefulvene from (+)-(lS)-10-
camphorsulfonamide
Sodium hydroxide (4.949 g, 124 mmol), and (+)-(lS)-10
camphorsulfonamide (2.07 g, 9.00 mmol) were dissolved in 50 mL of methanol
in a 250 mL round-bottom flask under nitrogen. Cyclopentadiene (0.594 g, 9.00
mmol) was added, and the solution turned a pale yellow. After 4 h the reaction
mixture turned lime green. The reaction was followed by TLC. After refluxing
for a total of 14 h, the reaction mixture was diluted with 2N HCL until it became
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neutral and was extracted with ether (3 X 50 mL). The combined organic layers
were washed with water (2 X 100 mL) and brine (2 X 30 mL), dried over
magnesium sulfate, filtered and solvent removed by rotary evaporator to give
0.477 g of camphorsulfonimine (25 % yield, 30 % based upon unrecovered
starting material) and 0.860 g of (+)-(!S)-camphorsulfonamide (42 % recovery).
Attempted Preparation ofCamphorsulfonamidefulvene from (+)-(lS)-10
camphorsulfonamide
(+)-(!S)-10-Camphorsulfonamide (1.38 g, 6.00 mmol) and
cyclopentadiene (1.23 mL, 15.0 mmol) were dissolved in 6 mL of reagent grade
methanol. Pyrrolidine (0.75 mL, 6.0 mmol) was added in one portion and the
solution turned orange. The reaction mixture was refluxed under nitrogen for 24
h, during which time the solution turned dark brown. The solution was cooled to
room temperature and acetic acid (0.54 mL, 9.6 mmol). The resulting solution
was diluted with 30 mL each of ether and water. The aqueous portion was
washed with ether (2 X 75 mL) and the combined organic layers were washed
with water and brine (15 mL), dried over magnesium sulfate, filtered and
concentrated in vacuo to give 0.231 g of camphorsulfonimine (24.36 % yield, 26
% yield based upon unrecovered starting material) and 0.468 g (+)-(lS)-10-
camphorsulfonamide (34 % recovery).
Preparation of (-)-Camphorsiilfonimine
Amberlyst 15 ion exchange resin (10.375 g) of the crude
camphorsulfonamide and 125 mL of toluene were placed in IL round bottom
flask equipped with a large egg-shaped magnetic stirring bar. Dean Stark trap,
reflux condenser, and nitrogen inlet. The reaction mixture was heated to reflux
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for 4 h. The heat was removed and while still warm, 50 mL of methylene
chloride were added to solubilize the solid imine that forms. The warm solution
was filtered, and the reaction flask and funnel were washed with an additional
18.75 mL of methylene chloride. The methylene chloride was removed on a
rotary evaporator to give 8.421 g of crude camphorsulfonimine. The
camphorsulfonimine was recrystilized from ethanol to give 6.864 g, 75.4 % yield
of pure an overall yield of pure camphorsulfonimine (mp 223-225, lit 225-228).^*
Attempted Preparation of Camphorsulfonamidefulvene from (-)-
Camphorsulfonimine
Cyclopentadiene (0.623 g, 18.9 mmol) and was dissolved in 25 mL of dry
ether in a 100 mL three necked flask. n-Butyllithium (0.604 g, 18.9 mmol) was
added and stirred for 1 h. Crude (-)-camphorsulfonimine (1.00 g, 4.47 nunol) was
added in one portion and the reaction mixture refluxed for 7 h, during which time
the reaction was monitored by TLC. The reaction mixture was cooled to room
temperature and washed saturated ammonium chloride (2 X 20 mL). The
solution was dried over MgS04, and the solvent removed under vacuum to give
0.761 g (78.1 % yield) of camphorsulfonamide.
Attempted Preparation of Camphorsulfonamidefulvene from (-)-
Camphorsulfonimine
(-)-Camphorsulfonimine (1.27 g, 6.00 mmol) and cyclopentadiene (1.23
mL, 15.0 mmol) were dissolved in 6 mL of reagent grade methanol. Pyrrolidine
(0.75 mL, 6.0 mmol) was added in one portion and the solution turned yellow.
The reaction mixture refluxed under nitrogen for 5 h.. The reaction was cooled
to room temperature, acetic acid (0.54 mL, 9.6 mmol) was added and the reaction
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was diluted with 30 mL each of ether and water. The aqueous portion was
washed with ether (2 X 75 rtiL) and the combined organic layers were washed
with water and brine (15 mL), dried over magnesium sulfate, filtered and
concentrated in vacuo to give 0.699 g (50.65 % yield) of camphorsulfonamide.
Attempted Preparation of (IR)-Camphorfulyene
(+)-(!R)-Camphor (4.65 g, 30.0 mmol) and cyclopentadiene (6.15 mL,
75.0 mmol) were dissolved in 6 mL of reagent grade methanol. Pyrrolidine (3.75
mL, 45.0 mmol) was added in one portion and the solution turned golden yellow
color. The reaction mixture refluxed under nitrogen for 11 h. Acetic acid (2,7
mL, 48 mmol) was added and the reaction was diluted with 150 mL each of ether
and water. The aqueous portion was washed with ether (2 X 150 mL) and the
combined organic layers were washed with water and brine (75 mL), dried over
magnesium sulfate, filtered and concentrated in vacuo to give 3.279 g (58.36 %
yield) of (+)-(!R)-camphorfulvene. The product was purified by column
chromatography to give 2.138 g of pure (+)-(R)-camphor (46 % recovery) and




Our research group has been actively involved in the synthesis of fulvene
derivatives for the last several years.^^’^^ In an effort to prepare fulvene
derivatives with the remote functional groups, salicylaldehyde was treated with
two equivalents of cyclopentadienyl anion and indenyl anion in ether and THF in
an attempt to prepare co-(hydroxyphenyl)fulvenes and co-
(hydroxyphenyl)benzofulvenes. None of these reactions led to fulvene or
benzofulvene derivatives. However, other efforts in our research group have
recently shown that cyclopentadiene and indene can undergo base catalyzed
condensation with salicylaldehyde derivatives, using NaOCH3/HOCH3 or
pyrrolidine/HOCH3 to give a>-(hydroxyphenyl)fulvenes and co-
(hydroxyphenyl)benzofulvenes in good yield. Apparently, cyclopentadienyl
anion is incapable of effecting nucleophilic attack on the aldehyde group of the
anions of salicylaldehyde derivatives; however, under reaction conditions where
the cyclopentadienyl anion is in equilibrium with a salicylaldehyde derivatives
the desired condensation reaction occurs.
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R1 = CH3, C(CH3)3
One of the goals of my work was to examine in an analogous manner the
condensation of cyclopentadiene with benzoin, a secondary a-hydroxy ketone to
give 6-phenyl-6-phenylmethanolfulvene as shown below. 6-Phenyl-6-
phenylmethanolfulvene, if prepared, would contain and a chiral alcohol adjacent
to Ce of the fulvene. Based upon our earlier work, this would lead, upon addition
of two equivalents of a nucleophile such as MeLi, to a substituted
cyclopentadienyl derivative incorporating a chiral chelate group.
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Refluxing benzoin with cyclopentadiene in NaOH/MeOH for 2 h gave a
sticky brown precipitate. This precipitate was filtered, washed with MeOH, and
dried under vacuum to give benzil in 95 % yield.
Refluxing benzoin and cyclopentadiene with pyrrolidine in MeOH for 48
h gave, upon work up, a mixture of products as determined by TLC. Column
chromatography using silica-gel gave four fractions. Fraction one was found to
be a mixture of cyclopentadiene and dicyclopentadiene. Fraction two proved to
be benzil, which isolated in 7.5 % yield (12 % based upon unrecovered starting
material). Fraction three upon removal of the solvent gave a bright red oil in very
low yield (e.g. 29.4 mg from a reaction using 3.3 g of benzoin). Fraction four
upon removal of the solvent, gave unreacted starting material (33 % recovery).
TLC of the red oil derived from fraction three indicated two compounds. This oil
was rechromatographed on silica-gel to give two fractions, one colorless and one
bright red. The red fraction gave 20.3 mg of a bright red oil upon removal of the
solvent. The *H and ^^C NMR of the bright red compound is far too complicated
to be the desired product and the yield too low, despite several attempts to
optimize reaction conditions, to justify further effort to prepare it. The *H and
*^C NMR, IR, MS, and UV-VIS of this compound are given in appendix 1.
It is clear that Oppenauer oxidation of beznoin is far more facile than
the desired base catalyzed condensation of benzoin and cyclopentadiene. Other
members of our research group have also failed to prepare 6-phenyl-6-
phenylmethanolfiilvene by the condensation of benzoin with two equivalents of





We still desired to prepare a fulvene with a chiral substitutent and a
remote chelate. As we had a moderate amount of (+)-(lS)-10-
camphorsulfonamide,^^ available from another project we examined it reactivity
with cyclopentadiene under base catalysis.
Refluxing (+)-(!S)-10-camphorsulfonamide with cyclopentadiene in
NaOH/MeOH for 14 h gave a 25 % yield of camphorsulfonimine (30 % yield
based upon unrecovered starting material), and a 42 % recovery of unreacted
camphorsulfonamide. Refluxing (+)-(lS)-10-camphorsulfonamide with
cyclopentadiene and pyrrolidine in MeOH led upon work-up to 24.36 % yield of
camphorsulfonimine (26 % based upon unrecovered starting material) and a 34 %
recovery of camphorsulfonamide. We prepared authentic sample of
camphorsulfonimine by the method of Davis to verify the formation of
camphorsulfonimine from this reaction.
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Refluxing (-)-camphorsulfonimine with cyclopentadiene in NaOH/MeOH
gave 22 % yield of camphorsulfonamide (36 % yield based upon unrecovered
starting material, and a 51 % recovery of camphorsulfonimine. Refluxing (-)-
camphorsulfonimine with cyclopentadiene and pyrrolidine in MeOH led upon
work-up to 50.65 % yield of camphorsulfonamide (28 % based upon unrecovered
starting material) 27 % recovery of unreacted (-)-camphorsulfonimine.
Treatment of (-) camphorsulfonimine with lithium cyclopentadienide in refluxing
ether, gave upon work-up 78.1 % yield of camphorsulfonamide.
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These results clearly indicate that camphorsulfonaraide and
camphorsulfonimine can form an equilibrium mixture under the reaction
conditions and fulvene derivatives are not formed in measurable amounts.
Still desiring to prepare a chiral fulvene derivative the base condensation
of cyclopentadiene with camphor was examined. Refluxing (+)-(!R)-camphor
with cyclopentadiene in methanol in the presence of pyrrolidine for 11 h led
upon work-up to a 46 % recovery of camphor, and an 11 % yield of
dicyclopentadiene.
The camphor system may be too sterically hindered to undergo the base




Although the base catalyzed condensation of cyclopentadiene with
benzoin failed to give the desired products. This problem may be unique to
benzylic a-hydroxy ketones. It would be of interest for further work to examine
the base catalyzed condensation of cyclopentadiene with other nonaromatic a-
hydroxy ketones, or with P or 7 hydroxy ketones.
As for the future of this project it is my hope to see the treatment of the
new ligands with metal salts to give the corresponding organometallic complexes.
I hope for continual development of new enantiomerically pure fulvenes from the
chiral pool. Once these new enantiomerically fulvenes are prepared they can be
conveted to pure chiral substituted cyclopentadienyl and enantiomerically pure
chelating cyclopentadienyl ligands.
Organometallic compounds containing chiral ligands are regarded with
intense interest as potential mediators of enantioselective transformations.^
Although transition-metal complexes attached to chiral chelating
diphosphines^’^^ have been used successfully in several cases, their
stereodifferentiating ability can suffer due to the lability as complexing agents.
In order for efficient transfer of asymmetry to a substrate to occur, the chiral
ligand must be bound to the metal during the stereodifferentiating step. The
relatively weak bonding ability ofmany such ligands is a potential drawback that
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can limit their applications and invites the use of a more stable system. T|^-
Cyclopentadienyl ligands would be a very powerful candidates for this type of
catalyst because of the superior tenacity with which it attaches itself to transition
metals.^^
For this reason the study of enantiomerically pure chiral organometallic
complexes that have already been prepared and their effect on the stoichiometric
and catalytic enantioselective organic transformations should continue.
Furthermore, these fulvenes can be useful in Lewis acid catalyzed Diels-Alders
reactions. The ready availability of group IV transition metal complexes
incorporating enantiomerically pure chiral substituted cyclopentadienes opens up
a wide range of enantioselective organic transformation, which include





One enantiomer is exclusively active Reduced dose and load on metabolism
The the enantiomer is toxic Increased latitude in dose and broader
use of the drug
Enantiomers metabolize at different
rates in the same person
Wider latitude in setting the dose;
reduction in variability in patients’
responses
Enantiomers metabolize at different
rates in the population
Reduction in variability of patients’
responses; greater confidence in setting
a single dose
One enantiomer prone to interactions
with key detoxification pathways
Reduced interactions with other
common drugs
Enantiomers vary in spectra of
pharmacological action and tissue
specificity
Increase specificity and reduces side
effects for one enantiomer, use of the
other enantiomer for different
indications
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Due to the potential for dramatic differences in the pharmacological effect
that enantiomers can produce, it is likely that all future drugs that contain chiral
centers will be sold only as the desired therapeutically active enantiomer.
Therefore, the application of chiral catalyst can be extremely beneficial in
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